A nearly full-length cDNA was isolated from a cDNA library prepared from incipiently senescent radish (Raphanus sativus L.) cotyledons using a previously isolated cDNA clone for darkinducible mRNA as a probe (A Watanabe, N Kawakami, Y Azumi [1989] In Cell Separation in Plants, NATO ASI Series, Vol H35, pp 31-38. Springer-Verlag, Berlin). The clone detected transcripts of 800 bases which increased more than 100-fold after 24 hours of darkness. The transcripts also accumulated under light when plants were exposed to ethylene or heat stress, and 6N-benzyladenine partially repressed its accumulation in the dark. These responses of the gene to physiological stimuli closely paralleled the effects of the stimuli on the progress of senescence of the cotyledons. We have named the gene din1 (dark inducible gene 1). The cDNA encodes a polypeptide of 20 kilodaltons, and its nucleotide sequence shows a high (49%) similarity to a subfamily of pathogenesis-related proteins of tobacco. The predicted amino acid sequence of the product, however, shows only 20% homology to the pathogenesis-related protein.
Leaves senesce by gradually losing their biological activity after they are fully developed, and subsequently abscise and die. Not only the age of the organ but environmental conditions profoundly affect this process. The process of leaf senescence has been believed to be a cellular event programmed in the nucleus (18) . Early supporting evidence was provided by observations of the delaying effects of enucleation by hypertonic treatment of Elodea leaf cells (26) and by applying inhibitors of protein synthesis to senescing leaves (14) . We have previously shown that this notion can be confirmed more directly by the analysis of in vitro translation products from poly(A)+ RNA2 of senescing leaves (7, 23) . A leaves (4, 12) , and for postpollination senescence of carnation petals (25) .
Radish cotyledons are a favorable model system for studying senescence. When grown under continuous light then transferred to darkness, fully developed cotyledons begin to senesce. Chl content of the cotyledons remains at the initial level during the first 24 h in the dark, and decreases rapidly to about 30% within the subsequent 48 h (7) . A number of new genes appear to be activated even in the first 24 h when no sign of Chl loss was visible. Some of them seem to be simply regulated negatively by light, because their mRNA disappears when the plants are returned under the light conditions (8) . These experiments, however, did not give conclusive evidence whether these 'dark-inducible genes' are related to the early process of leaf senescence. In order to obtain further information about the relationship of these 'darkinducible mRNAs' to senescence, we cloned cDNA sequences complementary to the dark-inducible mRNAs. In a preliminary study, we have selected four clones which could detect the accumulation of corresponding transcripts in dark-treated cotyledons (22) . In the present paper we describe the isolation of a member of this cDNA family that is nearly full-length. The cDNA was used as a probe to examine the responses of the corresponding gene during senescence. The nucleotide sequence of the cDNA revealed that it is similar to a cDNA sequence for PRlb, one of the small pathogenesis-related proteins in tobacco.
MATERIALS AND METHODS Plant Materials
Radish (Raphanus sativus L. cv Comet) seedlings were grown at 25°C on vermiculite beds under continuous light as described previously (7) . On Preparation of RNA Total RNA was isolated from the cotyledons by the guanidine-hydrochloride/phenol method as described previously (7) . High mol wt RNA was recovered by precipitation in 2 M LiCl. Poly(A)+ RNA was isolated from the RNA by two cycles of oligo(dT)-cellulose column chromatography.
cDNA Clones for Dark-Inducible mRNA cDNA clones for dark-inducible mRNA, clone-I and 5, were previously isolated from a library prepared from radish cotyledons kept in the dark for 24 h (22) by a procedure described by Shirras and Northcote (20) .
Hybrid-Select Translation mRNA complementary to the sequences of clone-I and 5 was selected by hybridization with Ml 3 phage DNA of the clones according to Bunnemann and Westhoff (1). Hybridselected RNA was translated in a wheat germ system under conditions described previously (24) . The translation products were analyzed by SDS-PAGE with Laemmli's buffer system (10) and fluorography as described (16 ;iL human placental ribonuclease inhibitor (Amersham), and 5 ,ug of the digested pBS+ DNA as template. The reaction was started by the addition of 50 units of T3 or T7 RNA polymerase (Stratagene), and GTP was added at 0.4 mm after 30 min, and incubation was continued for another hour.
RNA was purified from the reaction mixture by phenol extraction, and translated in the wheat germ system as described above.
RNA Blot Hybridization
Dot-blot and Northern-blot hybridization were carried out according to Thomas (21) . One microgram of glyoxalated poly(A)+ RNA was electrophoresed on 1% (w/v) agarose gel and transferred to a Biodyne A membrane by capillary flow of 20 x SSC solution. For dot-blot hybridization, high mol wt RNA was glyoxalated, diluted serially with 4 x SSC, and applied to a Biodyne A membrane as described previously (17) . Conditions for hybridization and autoradiography were the same as described for the colony hybridization except that yeast tRNA was added to the prehybridization solution at 100 ig/mL.
For quantification of the autoradiographic data, x-ray film was scanned in a densitometer (Densitorol DMU-33C, Toyo Kagaku Sangyo, Tokyo) at 530 nm, and the area under the peak was measured. The logarithm of the area was plotted against the dilution value of RNA to find a linear portion of the curve. Change in the content of specific transcripts was calculated from the linear portion, and expressed as the multiplicity of zero time value.
Sequence Analysis of Cloned cDNA Nucleotide sequence was determined by dideoxynucleotide chain termination method (19) . Series of deletions were prepared from the insert sequences of the M 13 and pBS+ clones, and the sequence was determined on both strands of the inserts. The structure of the nucleotide sequence was analyzed by a computer program, GENETYX (Software Development Corp., Tokyo).
Sequence homology was searched in GenBank and NBRF data bases. IDEAS's programs, SEQFN and SEQFP, were operated on a MicroVaxIl computer at Center for Gene Research, Nagoya University. RESULTS cDNA Clones for Dark-inducible mRNAs As described in a previous paper (22), we isolated cDNA clones for dark-inducible mRNAs from a library prepared from poly(A)+ RNA of radish cotyledons which had been electrophoresed on an agarose gel and transferred to a nylon membrane. E. coli rRNA (23s, 16s) and rabbit globin mRNA (g) were run in parallel as a molecular size marker. Labeled probes were prepared from the insert fragment of clone-1 and clone-5, then hybridized to the membrane, respectively. The number designated at the top is the identification number of the clone used for the probe. kept in the dark for 24 h. Two of the clones, clone-I and -5, were of particular interest because they indicated high accumulation of the corresponding transcripts in poly(A)+ RNA at 24 h in the dark (22) . We, therefore, concentrated our work on these two clones, and found that they had peculiar similarities; their insert sequences hybridized to transcripts of the same size of about 800 nucleotides in Northern-blot hybridization (Fig. 1) , and RNA selected by hybridization to these sequences was translated into polypeptides of the same mobility in SDS-PAGE (Fig. 2) . Because of these similarities, clone-I and -5 were possibly derived from an identical mRNA sequence. Nucleotide sequence was determined to clarify the relationship of these two clones. As shown in Figure 5 , a part of clone-I overlapped the entire insert sequence of clone-5, and the overlapping sequences were identical. Thus, we concluded that these two cDNA sequences are complementary to a unique gene, and named din 1 after dark-inducible gene.
Effect of Various Physiological Stimuli on the SteadyState Level of dinl Transcripts
We first measured the kinetics of accumulation of the transcripts in total cellular RNA after exposure to darkness (Fig. 3) . Transcripts of the dinl gene began to increase after 3 h and reached a level close to 140 times over zero time value at 24 h. The content of the transcripts then declined gradually until 48 h but remained at a high level. A control clone, clone-C, which was selected to show strong hybridization signals with both of the probes in the screening process (22) , indicated that its corresponding transcripts were not affected by the dark treatment.
14.4- The dark-induced accumulation of the transcripts was partially repressed by treatment with 100 gM BA (Fig. 4A) . In contrast, exposure to ethylene and to heat stress strongly induced accumulation of the transcripts even under the light conditions (Fig. 4A, B) . As 2 h of exposure to elevated temperature was sufficient to induce din 1 transcript accumulation, the induction by heat stress was much faster than that by dark treatment. The transcripts complementary to clone-C were not appreciably affected by either of these treatments.
Product of the din1 Gene
The cDNA library prepared in the earlier report (22) were composed of partial cDNA fragments inherent to the procedure (20) . We constructed another cDNA library by a procedure as described in "Materials and Methods," which allowed the isolation of clones containing the full coding sequence. The library was screened with a probe prepared from the insert sequence of clone-1. Clones indicating hybridization signals were examined for the length of inserts by digestion with EcoRI and HindIll followed by agarose gel electrophoresis. Twenty clones were selected to have inserts larger than 700 bp. They were then transcribed either by T3 or by T7 RNA polymerase and translated in a wheat germ system. Nine clones gave polypeptides of the same size of 23 kD (data not shown). Figure 2, The open reading frame encoded a polypeptide of 183 amino acid residues. The molecular mass of the polypeptide was calculated to be 20,280 D. The polypeptide appeared to be very hydrophilic, and nearly a quarter of the total amino acid residues are charged; the N-terminal half of the sequence is relatively rich in basic amino acids, and the C-terminal half in acidic amino acids. The translation product in the in vitro system showed slightly higher molecular mass than the calculated value when estimated by SDS-PAGE (Fig. 2) , probably because of its highly charged nature.
AAAAAATGGAATCTACTTTAAACACAACCGCACGAATCGGGAGCTGGTCATCGTTTATATCTCCACCTCTACAAGTGTGTGAATCTTTC M E S T L N T T A R I G S W S S F I S P P L Q V C E S F
We have raised antibodies against oligopeptides synthesized L-X C CTTACAAG 7CTCTTA TTCGTAATAA CTCAAA CTTCCGAT(;G according to the predicted amino acid sequence. These antibodies precipitated a polypeptide of the same size as shown in Figure 2 from the translation products from poly(A)+ RNA and that from pRDI-1 as well (data not shown). These observations supported our findings that the coding frame is correct.
The nucleotide sequence of pRDI-1 was found to have a partial homology with a cDNA for tobacco PR 1 protein, one of the small pathogenesis-related proteins (Fig. 6) . The homology in nucleotide sequence was 49% in the overlapping coding region with slightly less similarity in 3' noncoding region. However, the reading frame was different between the two sequences. Amino acid sequence of the pRDI-1 protein showed only 20% homology with PR1 proteins by complete matching and 31 % when structurally similar amino acids were counted as identical. The members of PR1 protein family, PRla, PRlb, and PR lc, are known to be highly conserved in amino acid sequence as well as in nucleotide sequence (2, 15) . Therefore, pRDI-1 should also show similar relationship with the sequences of other members of the family proteins.
DISCUSSION
We showed in previous papers that some mRNA species accumulated transiently or continuously and others simply disappeared in radish cotyledons when they were transferred to darkness (7, 8) . We have also reported that mRNA for cytosolic glutamine synthetase (GS1) is one of the darkinducible mRNAs which increase during the late stage of dark-inducible senescence (9) . In order to obtain a probe to study the events occurring in the early stage of the dark treatment, we have isolated four cDNA clones for darkinducible mRNAs which accumulate in the early stage (22) . As A group ofsenescence-related cDNAs has been cloned from a library constructed with mRNA from ripening tomato (4) . The level of mRNAs corresponding to these cDNA clones appears to be controlled by ethylene produced by the tissue (4) . Since the sizes oftranslation products from corresponding mRNAs are mostly different from that shown for din 1 gene, these clones do not seem to be related to din 1 gene. Another group of cDNA clones has been isolated for mRNA specifically accumulated in senescing carnation petals (1 1). Expression of the corresponding genes was regulated by ethylene in a manner similar to the din 1 gene, but they are different from the din 1 gene, since they were strictly specific to floral organs and undetectable in leaves (1 1).
The nucleotide sequence of pRDI-1 indicated that the din] gene encodes a 20-kD polypeptide which is hydrophilic and rich in charged amino acids. Significant homology in nucleotide sequence was found with a cDNA for tobacco PR1 protein. However, the start and end points of translation were different between the two sequences, and homology in the predicted amino acid sequence was very low. These observations suggest that the two genes are distantly and functionally diversified descendants from an ancestral gene. The observation that the nucleotide sequence in the coding region was not conserved better than that in noncoding regions also supports the distant relationship of the two genes. It is very likely that these two genes have lost functional relationship during evolution, but tobacco PR1 proteins may also play a role in leaf senescence, since PR1 proteins were found to be accumulated not only in TMV-infected tobacco plants but also in healthy but senescent leaves (5). Unlike tobacco PR1 proteins which compose a small multigene family, the radish genome seems to contain a single copy of din gene, since the three independently isolated clones (clone-1, -5, and pRDI-1) contained a completely matched nucleotide sequence, and the data of Southern hybridization of genomic DNA showed that din is a single copy gene (our unpublished observation).
